Abnormalities of baroreflex control in heart failure  by Thames, Marc D. et al.
56A 
JACC Vol. 22, No. 4 (Supplement A) 
October 19!43:56A-60A 
Abnormalities of Baroreflex Control in Heart Failure 
MARC D. THAMES, MD, TORU IUNUGAWA, MD, MICHAEL L. SMITH, PHD, 
MARK E. DIBNER-DUNLAP, MD 
Cleveland, Ohio 
The arterial baroretlexes include an afferent limb, a central 
neural component and autonomic neuroe#ector compo- 
nents. Sensory information from arterial baroreceptors ig- 
inates from mechanosensitive endings in the carotid sinus 
and aortic arch and travels to the central nervous ystem by 
means of the glossopharyngeal and vagal nerves, respec- 
tively. The primary alferent neurons ynapse inthe nucleus 
tractus olitarius, from which there are projections toareas 
in the medulla nd other portions of the brain stem. In- 
creases in arterial pressure activate the primary tierent 
neurons and result in increased vagal tierent outflow to the 
heart and reduced sympathetic outtlow to the heart and 
circulation. Vagal elferent outflow originates from neurons 
in the nucleus ambiguus, whereas ympathetic neural inllu- 
ences are controlled from the rostral and caudal ventrolat- 
eral medulla nd project to the intermediolateral c ll column, 
which is the site of ori& of the preganglionic cell bodies of 
the sympathetic nerves. These preganglionic cell bodies 
project o the sympathetic ganglia, including the stellates, 
which are the sites of origin of the postganglionic sympa- 
thetic fibers. Under normal circumstances and when arterial 
pressure is normal, there is a prevailing level of arterial 
baroreceptor discharge so that vagal efferent activity is 
tonically excited and sympathetic activity is tonically inhib- 
ited. This results in a tonic “braking” effect on the heart and 
circulation. 
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in the context of the h&r&ion of the patient with heart failure 
and envh-onmental stresses is discussed. The use of the canine 
rapid ventricular pa&g model of biventriadar failure in the 
investigation d abnormalities of baroretlexes ia heart faihue is 
emphasized. Insights obtained fkom this model should be extended 
to human i vestigations. 
(J Am Coil Cadiol1993;22[Supplement A]:56A4OA) 
A second important group of sensory fibers originates 
from sensory receptors in the cardiopulmonary region, trav- 
els over the vagal nerves to the nucleus tractus olitarius and 
exerts influences on vagal and sympathetic outflow to the 
heart and circulation similar to those of the arterial barore- 
ceptors. These sensory receptors are located throughout the 
heart and lungs, although it is believed that the heart 
(particularly the left ventricle) isthe principal locus for these 
endings. These endings are also tonically active and exert a 
tonic restraining fluence on the heart and circulation. 
Humans are constantly subjected to a variety of envimn- 
mental stresses that provoke autonomic responses mediaLed 
by the sympathetic and parasympathetic nervous ystems. 
For example, during exercise, sensory receptors in the 
exercising muscle are activated, leading to reflex sympatho- 
excitation and vagal withdrawal nd thereby to increases in
blood pressure, heart rate and peripheral vasoconstriction n 
the nonexercising vascular beds. These responses are mod- 
ulated by arterial baroreceptor retlexes. Autonomic re- 
sponses to other physiologic stresses may be modulated by 
arterial and cardiopulmonary baroreflexes in a similar man- 
ner. Thus, abnormalities in arterial and cardiopulmonary 
receptors could have important clinical implications for 
patients with congestive heart failure. Such abnormalities 
could compromise the patient’s ability to adjust to physio- 
logic stresses that are modulated by these reflexes. More- 
over, abnormalities in these reflexes could lead to a reduc- 
tion in their tonic restraining influence on the sympathetic 
nervous ystem and their tonic excitatory influence on vagal 
outflow to the heart, thereby removing their restraining 
influence on the heart and circulation. This would tend to 
favor the development of a neurohumoral excitatory state 
with tachycardia and sympathetically mediated vasocon- 
striction. 
ln thii brief review, we will examine the evidence forand 
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clinical implications ofabnormalities in arterial and cardio- ering of arterial pressure. Similar abnormalities have been 
pulmonary baroreflexes in congestive heart failure. described in canine models of congestive heart failure, 
including right eart failure induced by tricusptd avulsion 
Baroreceptor Function i  Heart Failure 
The function of both arterial and vagal cardiopulmonary 
baroreceptors has been studied in canine models of both high 
and low output congestive heart failure. in high output heart 
failure induced by creation of an arteriovenous fi tula, the 
pressure thresho!d needed for activation of these endings 
was increased and the sensitivity of the endings during 
changes in pressure was reduced (1). Most heart failure in 
humans is associated with low cardiac output. Low output 
biventricular failure has been induced in dogs by rapid 
ventricular pacing. When the ventricles are paced at 2SO beats/ 
min, the dog develops progressive ventricular dysfunction, 
generally eading to clinic;al signs of heart failure (dyspnea and 
ascites) inabout 4weeks. The sensitivity of both carotid (2) and 
aortic (3) baroreceptors is reduced by the time heart failure 
develops. These changes are a sociated with increased pres- 
sure threshold (2) and reduced range of pressures over which 
these receptors function (3). The only mechanoreceptors in the 
cardiopulmonary region that have been systematically investi- 
gated in heart failure are so-called atrial type B mechanorecep- 
tors whose tierent fibers are myelinated and which are located 
mainly at the junctions of the right and left atria with the 
pulmonary veins and superior vena cava. These receptors have 
been studied in both the arteriovenous fist& moiel of high 
output heart failure (4) and in a low output modei ofright heart 
failure induced by avulsion ofthe tricuspid valve paired with 
pulmonary stenosis (5). In both instance:, atrial mechanore- 
ceptor sensitivity was markedly reduced. Ventricular mecha- 
noreceptor function has not been systematically investigated 
in any model of heart failure. In summary, arterial barorecep 
tors and atrial mechanoreceptors behave abnormally in heart 
failure. 
Baroreflex Control in Heart Failure 
Heart rate contd. Arterial baroreceptor reflexes exert 
the dominant influence on the control of the sinus node in 
humans (6), whereas mechanoreceptors in the cardiopulmo- 
nary region have a much more modest influence on heart ate 
control. Arterial baroreflex control of heart rate has been 
found to be abnormal both in humans with heart failure (7,8) 
and in a variety of experimental models of congestive heart 
failure (9,lO). Eckberg et al. (7) showed that patients with 
congestive heart failure or moderate lefi ventricular dysfunc- 
tion without heart failure have impaired baroreflex control of 
heart rate as assessed by their heart rate responses to the 
bolus intravenous administration f phenylephrine, which 
increases the arterial pressure. They further uemonstrated 
that the abnormal efferent control of the sinus node by the 
arterial baroreflexes was largely the result ofimpaired vagal 
control. Others (11) have shown that patients with cardiac 
dysfunction have depressed tachycardiac responses tolow- 
and pl!lmonary stenosis (9) and in the rapid ventricular 
pacing model of biventricular failure (10). Unlike patients 
with heart failure, dogs with heart failure have impaired 
baroreflex control of the sinus node, which can be attributed 
to important abnormalities of both vagal and sympathetic 
control (11). 
Control of heart rate by cardiac receptors has been 
investigated only minimally in congestive heart failure. 
Mukhaji et al. (12) studied the responses of heart rate to 
intracoronary injection of contrast medium in patients with 
coronary artery disease, normal subjects and patients with 
congestive cardiomyopathy. Reflex bradycardia and hypo- 
tension ormally occur with intracoronary injection of con- 
trast medium. This is most likely the result of activation of 
chemically sensitive C fiber endings in the left ventricle as 
opposed to lefi ventricular mechanoreceptors (13). Patients 
with congestive cardiomyopathy showed no cardiac slowing 
during intracoronary contrast injection (12), thus suggesting 
the possibility either that the chemosensitive endings in the 
left ventricle had been destroyed or that their function was 
markedly abnormal. This contrasts with a recent preliminary 
report (14) of enhanced reflexes after activation of chemo- 
sensitive endings in canine xperimental heart failure. This is 
an area in need of further investigation. 
Control of sympathetic nerve activity. Because the arte- 
rial baroreflex control of heart rate is abnormal in heart 
failure and because the sensitivity of arterial baroreceptors 
has been shown to be abnormal in the rapid ventricular 
pacing model of heart failure, it might be expected that the 
arterial baroreflex control of sympathetic nerve activity also 
is abnormal in heart failure. Dibner-Dunlap nd Thames (3) 
recently showed that he sensitivity ofthe R&X is relatively 
preserved, although the operating range (that is, the range of 
pressures over which t e reflex functions) isreduced. Thus, 
the preservation f the sensitivity of reflex control in sym- 
pathetic activity must be due to some central compensatory 
mechanism. Wang et al. (15) found impaired isolated carotid 
baroreflex control of renal sympathetic nerve activity in 
heart failure. They also found that electrical stimulation of
the carotid sinus nerve elicited blunted arterial pressure 
responses in heart failure similar to those observed in 
response tochanges incarotid sinus pressure and concluded 
that he abnormalities n the reflex must have resulted from 
impaired baroreceptor function. However, esponses of re- 
d nerve acthty to electrical stimulation showed no diier- 
ence between ormal dogs acd dogs with heart failure. These 
findis are consistent with those reported by Dibner- 
Dunlap and Thames (3) and suggest that the depressed 
carotid sinus baroreceptor reflex control Of ;;31i;l’id pressure 
in heart failure is not solely the result of the baronzceptor 
responsiveness, butmay be reiated to altered neuroeffector/ 
end-organ responses. 
Ferguson et al. (16) studied both arterial and c=dioPul- 
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Figure 1. Relative (percent change) responses of forearm vascular 
resistance (mean f SEM) in normal subjects and patients with heart 
fake to lower body negative pressure (LBNP) at -10, -20 and 
-40 nun Hg. Baseline forearm vascular resistance was signikntly 
higher in patients with heart failure (43 f 4 units) than in control 
subjects (27 f 2 units). Reprinted, with permission, from Mohanty 
et al. (18). 
monary barorutlex (17) control of sympathetic nerve activity 
in patients with congestive heart failure. They found im- 
paired arterial baroreflex-mediated r sponses of muscle 
sympathetic nerve activity during nitroprusside-induced hy- 
potonsion, but not during increases in arterial pressure 
provoked by intravenous phenylephrine administration (16). 
These data should be interpreted with caution because they 
did not examine the entire stimulus response r lation during 
increases and decreases in arterial pressure, but merely 
reported the peak responses during these changes inarterial 
pressure. Moreover, nitroprusside-induced changes in car- 
diac filhng pressure may have unloaded cardiopulmonary 
receptors and thereby increased sympathetic nerve activity. 
Finally, there are important differences between the rapid 
ventricular pacing model of heart failure and clinical heart 
failure in humans in terms of the duration of the clinical 
syndrome and underlying etiology. 
Ferguson et al. (17) and Mohanty et al. (18) also have 
shown that cardiopulmonary baroreflex control of sympa- 
thetic nerve activity (as reflected in changes in forearm 
vascular resistance) is abnormal inheart failure. Data from 
the study of Mohanty et al. (18) are illustrated inFigure 1. 
They found reduced forearm vasoconstrictor responses to 
unloadii of cardiopulmonary receptors by lower body 
negative pressure. The relati:.e contribution of atrial as 
opposed to ventricular o pulmonary eceptors in mediating 
these abnormal responses has not been determined. In 
addition to impaired vasoconstrictor responses, patients 
with heart failure showed blunted neurohumoral esponses 
to orthostatic stress (19). Subjects with heart failure usually 










Figure 2. Changes inrenal nerve activity (% RNA) during inl?ation 
of balloons at pulmonary vein/left a rial junctions in normal dogs and 
dogs with congestive heart failure due to rapid ventricular pacing. 
Responses in dogs with heart failure were reduced significantly (*). 
Reprinted, with pennission, from Dibner-Dunlap nd Thames (21). 
increase inplasma catecholamines, vasopressin a d renin in 
response to assumption of the upright posture. 
Control of renal sympathetic nerve activity by vagal 
cardiopulmonary receptors has been studied in both the high 
output arteriovenous fi tula model of heart failure, as well as 
in the rapid ventricular pacing model of heart failure. In the 
former model, occlusion of the mitral orifice to increase 
pressure in the left atrium and pulmonary circulation re- 
sulted in paradoxic sympathoexcitatory responses orat least 
no decrease in sympathetic nerve activity (20). Dibner- 
Dunlap and Thames (21) more recently demonstrated that 
dogs with pacing-induced heart failure exhibited marked 
attenuation f left atrial and vagal cardiopulmonary mecha- 
noreflex control of sympathetic nerve activity. Decreases in 
renal nerve activity during volume xpansion, a stimulus to
mechanoreceptors throughout the cardiopulmonary tree, 
were found to be markedly abnormal in heart failure. A 
similar abnormality was observed when small balloons were 
inilated at the junctions of the three left pulmonary veins 
with the left atrium to selectively stimulate left atrial recep- 
tors (Fig. 2). 
Neurohumoral Excitation in Heart Failure 
Figure 3 shows the levels of plasma renin activity, plasma 
vasopressin a d plasma norepinephrine i  patients from the 
Studies of Left Ventricular Dysfunction (SOLVD) (22) in the 
treatment arm, in the prevention arm and in normal control 
subjects. Even in patients without evidence of heart failure, 
there is already evidence of neurohumoral excitation. In 
addition, recordings of muscle sympathetic nerve activity in 
humans with heart failure have demonstrated markedly 
increased levels of sympathetic nerve activity (23). This 
activity increases as the level of cardiac filling pressure is 
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Figure 3. Basal levels of plasma renin activity, vasop!zssin (AVP), 
atrial natriuretic factor (ANF) and norepinephrine (NE) in control 
subjects, patients with left ventricular dysfunction (LVD) without 
heart failure and patients with congestive h art kih~re (CHF). Data 
are plotted from a substudy of the Studies of Lefi Ventricular 
Dysfunction (SOLVD) from Francis et al. (22), with permission. 
increased (23). This pronounced neurohumoral activation is 
associated with a igh mortality rate in patients with severe 
heart ftilure (24). However, the mechanism for the es& 
tishment of the aeurohumoral excitatory state that begins 
even before heart failure develops has not been established. 
The hypothesis has been advanced that the neurohumoral 
excitatory state is the result of abnormalities of arterial nd 
cardiopulmonary baroreflexes and that reduced tonic inhib- 
&z-y influence of these reflexes leads to this neurohumoral 
excitation (25). The evidence for early abnormalities in
arterial and cardiopulmonary baroreilexes in developing 
heart failure is limited. In the rapid ventricular pacing model 
of heart failure, arterial baroreflex control of the sinus node 
during increases in arterial pressure remains notmal until 
clinical heart failure develops (26). In contrast, in humans 
with cardiac dysfunction without heart faihue, baroreflex 
control of the sinus node may be abnormal (7). Preliminary 
results from our laboratory (27) suggest that cardiopuhno- 
nary reflexes are abnormal early in the development of heart 
failme when there is left ventricular dysfunction, but at a 
time that cardii fIlii pressures are only modestly ele- 
vated. Baroreflex sensitivity, as defined by the heart rate 
responses to nitroprusside induced hypotension, has been 
reported (28) to be abnormal as early as 1 week after the 
inception of rapid ventricular pacing. Arterial baroreceptor 
reflex control of sympathetic nerve activity has not been 
systematically examined after this short period of rapid 
ventricular pacing. Clearly, much work needs to be duue to 
thoroughly evaluate the function of arterial and cardiopul- 
monary receptors during the development of congestive 
heart failure. Serial studies of the development of the neu- 
rohumoral excitatory state in the rapid ventricular :‘acing 
model of heart faihue and the relation of these abnormalities 
to abnormalities of arterial nd cardiopulmonary baroreflex 
control are under the study in our laboratory. Such studies 
need to be done in patients such as those who were studied 
in the prevention arm of SOLVD to determine if there are 
abnormalities of reflex control in patients with only mild to 
moderate impairment of left ventricular function and with no 
evidence of congestive failure. 
The increases innorepinephrine, r nin and vasopressin in 
patients in the SOLVD prevention trial were only modest 
compared with those in normal subjects (22). This is so 
perhaps because of the fact that these humoral agents are 
drawn under basal conditions when the cardiovascular sys- 
tem is unstressed and the capacity of arterial nd cardiopul- 
monary baroreflexes to buffer the autonomic responses to 
the physiologic stresses ha not been tested. Although the 
autonomic responses to physiologic stresses have been 
shown to be modulated by arterial baroreflexes, this modu- 
latory influence may be abnormal inleft ventricular dysfunc- 
tion and is clearly abnormal in congestive heart f&re. It 
may be useful to study the neurohumoral profile of patients 
such as those in the SOLVD prevention arm not only under 
basal conditions, but also in response tophysiologic stress 
such as exercise. This too is a fruitful area for investigation. 
Conciusions 
In this brief review, we have discussed mechanisms of 
cardiovascular regulation by arterial and cardiopulmonary 
baroreflexes. Evidence indicates that in fully developed 
heart failure, there ar  abnormalities in arterial nd cardio- 
pulmonary baroreflex control of sympathetic nerve activity 
and sinus node function that are attributable to abnormalities 
in vagal and sympathetic control. Some of the key issues that 
still need to be careMy investigated in this area relate to the 
time course of the development of hese reflex abnormalities 
in relation to he development of the neurohumoral excita- 
tory state of heart faihue. Such abnormalities may initiaUy 
be subtle, but could result in a diminished tonic inhibitory 
influence by these refiexes on sympathetic nerve activity, 
renin and vasopressin, thereby leading to the early neuro- 
humoral excitation observed inpatients with left ventricular 
dysfunction without heart failure as observed in the pre- 
vention arm of the SOLVD study. Abnormalities of these 
reflexes may impair the ability of patients to modulate 
autonomic responses to a variety of physiologic stresses 
such as exercise and emotion. The radd ventricular pacing 
model of heart faihue provides a unique opportunity ostudy 
reflex autonomic and nenrohumoral egulation as the exw- 
imental animal progresses from normal to impaired left 
ventricular cardiic function to congestive h art failure. This 
is an area for fruitM investigation a d one in which there is 
a great dea!, of ongoing and important research. Similar and 
parallel studies on cardiovascular reflexes should beper- 
formed in humans with congestive h art failure and patients 
with cardiac dysfunction i the absence .of heart failure. 
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